Polycyclic aromatic hydrocarbons, like benzo[a]pyrene (BaP), are ubiquitous environmental pollutants and potent ovarian toxicants. The transcription factor NRF2 is an important regulator of the cellular response to electrophilic toxicants like BaP and to oxidative stress. NRF2 regulates transcription of genes involved in the detoxification of reactive metabolites of BaP and reactive oxygen species. We therefore hypothesized that Nrf2−/− mice have accelerated ovarian aging and increased sensitivity to the ovarian toxicity of BaP. A single injection of BaP dose-dependently depleted ovarian follicles in Nrf2+/+ and Nrf2−/− mice, but the effects of BaP were not enhanced in the absence of Nrf2. Similarly, Nrf2−/− mice did not have increased ovarian BaP DNA adduct formation compared to Nrf2+/+ mice. Ovarian follicle numbers did not differ between peripubertal Nrf2−/− and Nrf2+/+ mice, but by middle age, Nrf2−/− mice had significantly fewer primordial follicles than Nrf2+/+ mice, consistent with accelerated ovarian aging. high doses [9-12] and after repeated low doses [13] . DMBA also destroyed ovarian follicles in human ovarian explants, which were implanted subcutaneously in mice [14] . Prenatal and postnatal exposure to PAHs also causes ovarian tumors later in life [15, 16] . We recently showed that prenatal exposure to BaP causes ovarian tumors, which exhibit high levels of the epithelial marker cytokeratin by immunostaining [17] . The latter results suggest that PAH-induced ovarian tumors may arise from the ovarian surface epithelial (OSE) cells from which most malignant ovarian tumors in women are believed to arise [18, 19] . BaP has been shown to induce proliferation of mammary tumor cells in vitro [20] [21] [22] , but effects of BaP on OSE cell proliferation in vivo have not been examined. PAHs are oxidized by microsomal cytochrome P450 enzymes (chiefly P450s 1A1 and 1B1) to epoxides, which are converted to diols by microsomal epoxide hydrolase (Ephx1) [23, 24] . Diols can undergo further oxidation by P450 enzymes to mutagenic and ovotoxic diol epoxides [23, 25] . Alternatively, they can be metabolized by diol dehydrogenases, ultimately yielding catechols, which can undergo two sequential one-electron oxidations to o-semiquinone and then to o-quinone, generating hydrogen peroxide and superoxide anion radical [24] . The o-quinone can be reduced back to the semiquinone or catechol, resulting in redox cycles. All of the enzymes required to activate PAHs are present in the ovary [26] [27] [28] [29] [30] [31] [32] .
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants, which are formed during the incomplete combustion of organic materials. Tobacco smoke is rich in PAHs [1] . Inhalation exposure to PAHs also occurs in non-smokers, due to exposure to second hand tobacco smoke and to air pollution. PAHs in ambient urban air are more than 10-fold higher than in rural air [2, 3] . Grilling or smoking of food also generates PAHs, and frequent consumption of grilled or smoked foods is another major source of PAH exposure [2, 3] .
Women who smoke have decreased per menstrual cycle probability of pregnancy compared to women who do not smoke [4] [5] [6] . The onset of menopause occurs several years earlier in women who smoke [7, 8] . The adverse ovarian effects of smoking may be caused by PAHs present in tobacco smoke. The PAHs dimethylbenzanthracene (DMBA), 3-methylcholanthrene (3MC), and benzo[a]pyrene (BaP) all destroy follicles in mice after sin-Glutathione-S-transferase (GST)-catalyzed conjugation with glutathione (GSH) is an important Phase II detoxification mechanism for the diol epoxide, diol, and quinone metabolites of PAHs [33] , and GSH also reduces and detoxifies reactive oxygen species (ROS) via direct reactions or as a cofactor for glutathione peroxidases.
The Cap 'n Collar basic leucine zipper transcription factor nuclear factor 2 erythroid related factor 2 (NRF2) regulates transcription of GSTs, the enzymes of GSH synthesis, superoxide dismutase, NADPH quinone oxidoreductase, and UDPglucuronosyltransferase, which are important in detoxifying PAH metabolites and ROS, and of Ephx1, which is required to generate ovotoxic metabolites of PAHs [34] [35] [36] . Nrf2 null mice are more susceptible than wild type mice to chemical toxicity, including cancer induction by the PAH BaP [37] , ovarian toxicity by vinylcyclohexene diepoxide [38] , and liver toxicity by acetaminophen [39] . They are also more susceptible to autoimmune diseases [40, 41] than wild type mice. Nrf2−/− mice also exhibit increased oxidative stress compared to Nrf2+/+ mice [42] . We previously reported that young male Nrf2−/− mice had normal spermatogenesis, but developed age-related defects in spermatogenesis compared to wild type littermates, which was associated with increased testicular oxidative lipid damage [43] . We and others have shown that oxidative stress is associated with normal ovarian aging [44] [45] [46] and that deletion of the antioxidant gene Gclm causes accelerated ovarian aging [47] .
Herein we report on the results of experiments testing the hypotheses that (1) Nrf2−/− mice are more sensitive to ovarian DNA damage, apoptosis, and follicle destruction by BaP than Nrf2+/+ mice due to their decreased ability to detoxify reactive metabolites of BaP; (2) BaP stimulates OSE cell proliferation and this occurs to a greater extent in Nrf2−/− ovaries than in Nrf2+/+ ovaries; (3) Nrf2 deletion accelerates the age-related decline in ovarian follicle numbers.
Methods

Materials
All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA), unless otherwise noted.
Animals
Nrf2 null mice were generated by disrupting the Nrf2 gene by homologous recombination in embryonic stem cells, using a targeting vector that results in deletion of part of exon 4 and all of exon 5, replacing them with a LacZ reporter gene [48] . Mice for these experiments were generated in our breeding colony by mating Nrf2+/− males with Nrf2+/− females. Nrf2+/− breeder mice had been backcrossed 8 times onto a C57BL/6Crl genetic background. Genotyping of tail snip DNA by PCR was carried out as described [48] . The mice were housed in an American Association for the Accreditation of Laboratory Animal Care-accredited facility, with free access to deionized water and laboratory chow (Prolab RMH 2500), on a 14:10 h light-dark cycle. Temperature was maintained at 21-24 • C. Experimental females were group-housed with their female littermates after weaning (up to 5 mice per cage). The experimental protocols were carried out in accordance with the Guide for the Care and Use of Laboratory Animals [49] and were approved by the Institutional Animal Care and Use Committee at the University of California Irvine.
Experimental protocol-ovarian effects of BaP treatment in Nrf2+/+ and Nrf2−/− mice
To investigate the effects of lack Nrf2 on the ovarian sensitivity to BaP, 28-day old Nrf2−/− and Nrf2+/+ female mice were injected intraperitoneally with 0, 2, or 50 mg/kg BaP dissolved in sesame oil (N = 5 to 9/group). These doses were chosen based on a prior study, which showed that a single dose of 50 mg/kg depleted primordial follicles by 56%, while a 5 mg/kg dose depleted primordial follicles by 18% [12] . Seven days later at 35 days of age, mice were euthanized using carbon dioxide inhalation. One ovary per animal was randomly chosen for fixation in Bouin's fixative for 24 h, followed by 4 washes in 50% ethanol, and storage in 70% ethanol. The other ovary was fixed in 4% paraformaldehyde (PFA) in PBS for 1 h, then cryoprotected in 15% sucrose in PBS for 4 h prior to being embedded in Tissue-Tek OCT (Sakura Finetek, Torrance, CA). The embedded ovaries were serially sectioned at 10 m for immunohistochemistry and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). Another set of mice was treated identically with 0 or 50 mg/kg BaP, and both ovaries were snap frozen on dry ice for subsequent DNA extraction for 32 P-postlabeling to detect BaP-related DNA adducts.
GSH assays
For GSH assays, ovaries from 6 Nrf2+/+ and 7 Nrf2−/− 18-22 day old mice were homogenized in 20 mM Tris, 1 mM EDTA, 250 mM sucrose, 2 mM l-serine, 20 mM boric acid (TES-SB). After removal of aliquots for protein assay, supernatants were acidified with one quarter volume 5% sulfosalicylic acid for GSH assays [50] . Total GSH was measured using a modification of an enzymatic recycling assay developed by Griffith [50] [51] [52] . Triplicates of samples or standards were combined with 33 l metal free water and incubated for 10 min at 30 • C. The samples were mixed with 140 l of 0.3 mM NADPH, 20 l of 6 mM DTNB (5,5 -dithiobis) (2-nitrobenzoic acid), and 2 l of 50 units/mL GSH reductase. The rate of thiobis(2nitrobenzoic acid) (TNB) formation from DTNB is proportional to the total GSH concentration in each sample. TNB formation was monitored by measuring the absorbance at 412 nm for 5 min every 10 s using a VersaMax microplate spectrophotometer (Molecular Devices, Sunnyvale, CA). The concentrations of total GSH in the samples were calculated from a standard curve generated from the slopes of the standards.
Immunoblotting for GCLC, GCLM, SOD2 in ovarian extracts
Ovaries from 34 to 36 day old Gclm−/− and Gclm+/+ littermates were homogenized in RIPA buffer (PBS, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP40) with protease inhibitors (Pefablock, TLCK, pepstatin, aprotonin, leupeptin) using a Kontes handheld dounce homogenizer (Kimble-Chase, Vineland, NJ) on ice. Protein concentration was determined by Pierce BCA (bicinchoninic acid) Assay. Twenty to forty micrograms of each protein sample were separated by SDS-PAGE, transferred to polyvinylidine difluoride membranes, blocked in 5% nonfat milk in phosphate buffered saline with 0.1% Tween-20, incubated with primary antibodies diluted in 3% nonfat dry milk, 3% BSA, 1% ovalbumin, 1% normal goat serum, 0.1% sodium azide, and then visualized with ECL chemiluminescence (GE Healthcare Lifesciences, Piscataway, New Jersey). GCL subunit antibodies were raised against ovalbumin conjugates and were a kind gift of Dr. Terrance J. Kavanagh, University of Washington [53] . GCLC subunit antibodies were used at a dilution of 1:40,000 and GCLM at 1:20,000. Antibody directed against manganese containing superoxide dismutase (SOD2) was purchased from Stressgen (#SOD-110, Ann Arbor, MI) and used at a 1:5000 dilution. All immunoblots were re-probed with monoclonal anti-␤-actin mouse antibody (Sigma, #A5441) at a 1:160 K dilution for normalization of protein loading.
Quantitative real time RT-PCR
For quantitative real time RT PCR, total RNA was extracted from ovaries of 27 day old mice using the Qiagen RNEasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. The quality and quantity of the total RNA were assessed by spectrometry. Purified total RNA (900 ng) was reverse-transcribed to cDNA with Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) using an oligo dT [12] [13] [14] [15] [16] [17] [18] primer (Invitrogen) after digestion with DNAse I (Roche, Indianapolis, IN). Twenty nanograms of cDNA were subjected to PCR using gene-specific forward and reverse primers and the Roche SYBR Green RT-PCR reagent (Roche) in 20 l reaction volumes in duplicate. Gene-specific primers used are listed in Supplemental Table S1 . The PCR amplification of all transcripts was performed on the AB StepOne Plus PCR machine (Applied Biosystems, Foster City, CA) using the following program: (1) initial incubation at 95 • C for 10 min to activate FastStart Taq DNA polymerase; (2) each cycle (total 40 cycles) at 95 • C for 10 s, followed by incubation at an average annealing temperature of forward and reverse primers for 30 s according to the primers used, and final elongation at 72 • C for 10 s. The quality and identity of each PCR product was determined by melting curve analysis. Expression of each target gene was calculated by the delta-delta Ct method [54, 55] . All data were normalized to expression of glyceraldehyde-3-phosphate dehydrogenase (Gapdh).
Ovarian histomorphometry
In addition to ovaries from 35 day old Nrf2+/+ and Nrf2−/− mice treated with BaP or vehicle, ovaries were harvested on the day of estrus from 10 and 12 month old, untreated Nrf2+/+ and Nrf2−/− mice. After fixation with Bouin's fluid, ovaries were embedded in paraffin and complete serial sections (6 m thick) were cut. Sections were stained with hematoxylin and eosin. Histomorphometry was carried out by a skilled observer, blind to genotype and BaP dose. Follicles were classified as primordial (oocyte surrounded by single layer of fusiform granulosa cells), primary (oocyte surrounded by single layer of granulosa cells of predominantly cuboidal morphology), secondary (oocyte surrounded by more than one layer of granulosa cells), or antral (follicle with multiple fluid-filled vesicles or single antrum) according to established criteria [56] [57] [58] . Follicles were also classified as healthy or atretic according to established criteria [59, 60] . Healthy and atretic primordial, primary, and secondary follicles were counted in every 5th section. Healthy and atretic antral follicles were counted in every section, Only secondary and antral follicles in which the oocyte nucleolus was visible were counted to avoid overcounting. Multiovular follicles (follicles with more than one oocyte) of all stages were identified and counted.
32 P postlabeling
DNA was extracted from ovaries and purified using a Qiagen DNeasy Tissue Kit (Qiagen, Valencia, CA). 32 P-postlabeling for detection of BaP DNA adducts was performed according to previously described methods [61] [62] [63] . Five micrograms of the purified DNA was dried using a Speedvac evaporator. Digestion of DNA was accomplished by incubation in hydrolysis buffer, micrococcal nuclease, and spleen phosphodiesterase for 3.5 h at 37 • C. To the digested material was added ZnCl 2 , sodium acetate, and nuclease P1, which was used to separate adduct nucleotides from normal nucleotides. This incubation was performed for 1 h at 37 • C. Addition of Tris base was then performed, followed by preparation of a labeling mixture consisting of kinase buffer, polynucleotide kinase (United States Biomedical), [␥-32 P]ATP (MP Biomedicals, Solon, OH), and bicine. Labeling mixture was added to each sample and incubated for 45 min at 37 • C, followed by addition of apyrase for 30 min. at 37 • C. Thin layer chromatography (TLC) was then performed using methanol-washed cellulose PEI TLC plates (Selecto Scientific, Georgia, USA) with various plate orientations and solvents: to the origin in 1 M NaH 2 PO 4 overnight, in opposite direction in 3.6 M lithium formate/8.5 M urea, 90 • to the previous direction in 0.8 M LiCl/0.5 M Tris-Cl/8.5 M urea, and in same direction in 1.7 M NaH 2 PO 4 . Phosphorimaging was then used to measure the intensity of radioactive labeling. To determine the ratio of DNA adducts to normal nucleotides, normal nucleotides were also imaged. This was done by incubating a portion of the digested DNA with labeling mixture for 45 min at 37 • C, followed by TLC using LiCl solvent. Phosphorimaging was used to visualize the total nucleotides and DNA adducts on each TLC plate. Phosphorimaging software was used to measure the density of the corresponding spots for each sample. The relative adduct labeling was then determined by dividing the density of the adducted nucleotides by that of the total nucleotides for the same plate.
Immunohistochemistry
Paraformaldehyde-fixed cryosections were immunostained with primary antibodies directed against PCNA (Santa Cruz Biotechnology, #SC-56 at a dilution of 1:1500) using the MOM Immunodetection Kit (Vector Laboratories, Burlingame, CA). Antigen retrieval was first performed by incubating slides in 10 mM citrate buffer for 10 min at 95 • C, followed by blocking with MOM Mouse Ig Blocking Reagent, then Avidin/Biotin blocking, incubation with blocking serum, incubation with primary antibody, incubation with biotinylated anti-mouse Ig, blocking with 3% hydrogen peroxide in PBS, incubation with Vectastain ABC reagent, DAB conversion, and counterstaining. Negative controls included slides incubated with non-immune mouse IgG in place of primary antibody.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)
Paraformaldehyde-fixed cryosections were used for in situ detection of DNA fragmentation by the TUNEL method using the In Situ Cell Death Detection Kit POD (Roche) as previously described [56, 64] .
Quantification of TUNEL and immunostaining
All counting was conducted by an observer blind to genotype and treatment using light microscopy. Secondary and antral follicles were counted if the oocyte was present in a section for a total of 4-16 sections per animal. Follicles were considered TUNELpositive if there were 3 or more TUNEL-positive granulosa cells per cross-section. The total number of TUNEL-positive and negative secondary and antral follicles was counted for each section. The average percentage of positive secondary and antral follicles was then calculated for each mouse and was used for statistical analyses.
For counting of PCNA or TUNEL positive OSE cells, a site lying above a growing follicle was chosen and considered an over-site. The total numbers of positive and negative OSE cells in the oversite were counted in one 400× microscope field. After an over-site was counted for a section, a site 180 • away from the over-site was found that contained OSE between two growing follicles. This site was called the adjacent site. For the next section, the first site to be located would be an adjacent site, and following that would be an over-site 180 • away. 8 to 20 sections were counted per experimen- tal animal per experiment to determine the numbers of PCNA or TUNEL positive OSE cells. There were 3-4 experimental animals per group for TUNEL and PCNA-immunostaining. The average percentage of positive cells per animal was calculated, and these averages were used for statistical analyses.
Statistics
Continuous dependent variables with homogenous variances were analyzed by ANCOVA with independent variables genotype and covariate BaP dose or by t-test, as appropriate. When variances were not homogeneous non-parametric tests were used. Data expressed as fractions or percentages (fraction of atretic, TUNEL positive or PCNA positive follicles or OSE cells) were subjected to arcsine square root transformation prior to analysis [65] .
Results
Effect of Nrf2 deletion on ovarian GSH synthesis and antioxidant gene expression
Total ovarian GSH concentrations in Nrf2−/− females were about 15% lower than in Nrf2+/+ females (2.7 ± 0.15 nmol GSH/mg ovary compared to 3.2 ± 0.13 nmol GSH/mg ovary, respectively; P < 0.05 by t-test). A similar, although not statistically significant, trend was observed when GSH concentrations were expressed in terms of protein content (57 ± 4.7 nmol GSH/mg protein in Nrf2−/− versus 67 ± 6.9 nmol GSH/mg protein in Nrf2+/+, P = 0.245 by t-test). Consistent with the lower GSH concentrations, Nrf2−/− ovaries also had lower protein levels of the catalytic and modifier subunits of GCL, the rate-limiting enzyme in GSH synthesis. Compared to Nrf2+/+ ovaries, Nrf2−/− ovaries had 36% lower protein levels of GCLC (P = 0.017) and 45% lower protein levels of GCLM (P = 0.024; Fig. 1 ). In contrast, ovarian SOD2 (also called Mn-SOD) protein levels were not affected by lack of Nrf2 (Fig. 1 ).
Ovarian mRNA levels of genes involved in BaP metabolism were measured in Nrf2−/− and Nrf2+/+ mice (Table 1 ). Ovarian mRNA levels of Gstm1 (P = 0.006 by t-test) and Ephx1 (P = 0.07) were 67% and 91% lower, respectively, in Nrf2−/− than in Nrf2+/+ mice. When the Ephx1 outlier that fell outside of the 95% confidence interval for the Nrf2+/+ group was excluded, the effect of Nrf2 genotype was statistically significant (P = 0.021). Ovarian mRNA levels of Gstm2 and Gsta4 were 36% and 54% lower, respectively, in the Nrf2−/− mice, but the differences were not statistically significant. The mRNA levels of Gclc, Gclm, and Gstp1 did not differ between Nrf2−/− and Nrf2+/+ ovaries.
3.2.
Nrf2−/− mice are not more sensitive to the ovarian toxicity of BaP than Nrf2+/+ mice As expected, BaP treatment caused statistically significant dosedependent declines in the total numbers of healthy follicles per ovary ( Fig. 2A ) and the numbers of healthy primordial and primary follicles per ovary (Fig. 2B,C) . The numbers of healthy secondary ( Fig. 2D ) and antral follicles ( Fig. 2E ) also decreased with BaP dose, but the effects were not statistically significant. The effects of Nrf2 genotype on numbers of primordial, primary, secondary, or total healthy follicles were not statistically significant; however, Nrf2−/− mice had significantly greater numbers of multiovular follicles and fewer healthy antral follicles regardless of BaP dose ( Fig. 2E,F) .
No statistically significant Nrf2 genotype-or BaP treatmentrelated differences in the percentages of TUNEL-positive, apoptotic secondary or antral follicles were observed (data not shown).
Effects of Nrf2 genotype and BaP treatment on ovarian DNA adducts
Nrf2+/+ and Nrf2−/− mice treated with 50 mg/kg BaP had two or three distinct ovarian DNA adducts as demonstrated by 32 Ppostlabeling ( Fig. 3 ), whereas no adducts were observed in DNA from ovaries of control, vehicle-treated mice (not shown). However, DNA adduct levels were not greater in ovaries from Nrf2−/− mice treated with BaP (Fig. 3C,D) compared to Nrf2+/+, BaP-treated mice (Fig. 3A,B) . The relative levels of adducts in Nrf2−/− versus Nrf2+/+ ovaries were 0.8 for adduct 2 and 0.7 for adduct 3 (mean of two samples per genotype).
Effects of Nrf2 genotype and BaP treatment on ovarian surface epithelial (OSE) cell proliferation and apoptosis
Immunostaining for PCNA was used to detect OSE cell proliferation. PCNA positive and negative OSE cells located over antral follicles or away from antral follicles were counted and the percentages of positive cells were calculated. The percentages of PCNA positive OSE cells were lower in ovaries of BaP-treated mice. The effect of BaP dose on the percentage of PCNA positive OSE cells overlying antral follicles was statistically significant (P = 0.018; Fig. 4A ), but the effect of BaP dose was not statistically significant for OSE cells not overlying antral follicles (P = 0.286; Fig. 4B ). The effect of BaP dose was also statistically significant for all OSE cells combined There was a BaP dose-dependent decrease in total healthy follicles (A) and healthy primordial follicles (B), p = 0.001, effect of BaP dose. There was no effect of genotype. (C) Healthy primary follicles also decreased with increasing BaP dose (p = 0.020). There was no effect of genotype. (D) Healthy secondary follicle numbers did not vary significantly with dose or genotype. (E) Nrf2−/− mice had fewer healthy antral follicles than their wild type littermates (p = 0.037). The effect of BaP treatment on antral follicle numbers was not statistically significant (p = 0.23). (F) Nrf2−/− ovaries had significantly greater numbers of multiovular follicles than wild type ovaries (p = 0.045, effect of genotype). There was no effect of BaP dose on multiovular follicles.
(P = 0.047; Fig. 4C ). The effect of Nrf2 genotype was not statistically significant.
TUNEL was used to detect OSE cell apoptosis. TUNEL-positive and negative OSE cells located over antral follicles (data not shown), away from antral follicles (data not shown), or at all sites (Fig. 4D) were counted and the percentages of positive cells were calculated. Neither the effects of BaP dose nor the effects of Nrf2 genotype were statistically significant.
Nrf2 deletion accelerates the age-related decline in ovarian follicles
Follicle counts did not differ by Nrf2 genotype in 35 day old mice, as described above (Fig. 2) . However, we hypothesized that Nrf2−/− female mice, due to decreased ability to respond to oxidative stress, display a more rapid decline in follicle numbers with aging than Nrf2+/+ mice. We therefore counted follicles in 10-12 month old (middle-aged) Nrf2+/+ and Nrf2−/− mice. The results are shown in Fig. 5 . Middle-aged Nrf2−/− female mice had statisti-cally significantly fewer healthy primordial follicles (P = 0.011) than age-matched Nrf2+/+ females, indicating greater depletion of the ovarian reserve in Nrf2−/− mice.
Discussion
NRF2 is a master regulator of the antioxidant response and serves as a key sensor detecting chemical-induced toxicity in various organs, including ovary [38, 39] . In the presence of oxidative stress, the affinity of KEAP-1 for cytosolic NRF2 decreases, which promotes relocation of cytosolic NRF2 to the nucleus, where it induces the expression of target antioxidant genes, including GSTs and GSH synthesis genes [34] [35] [36] . The lack of NRF2 disrupts antioxidant signaling, leading to a decreased ability to mount an antioxidant defense [34, 42] and decreased ability to metabolize xenobiotics, such as PAHs [37, 66, 67] . In the present study, Nrf2−/− female mice had similar numbers of ovarian follicles to Nrf2+/ + mice at 35 days of age, but Nrf2−/− mice had fewer remaining primordial follicles at 10-12 months of age compared to Nrf2+/+ littermates. This may indicate that sustained oxidative stress during aging accelerates depletion of primordial follicles in the middle-aged Nrf2−/− female mice. In contrast, our results show that Nrf2−/− mice do not have greater sensitivity to the ovarian toxicity induced by treatment with the PAH BaP.
GSTs are a major group of Phase II detoxification enzymes induced by NRF2 activation, and GST-catalyzed conjugation with GSH is an important Phase II biotransformation pathway for diol epoxide, diol, and quinone metabolites of PAHs [33] . GSH also detoxifies ROS produced as a result of BaP metabolism. We therefore hypothesized that Nrf2−/− mice, having decreased ovarian expression of several GSH-related genes would have increased ovarian sensitivity to BaP. We observed decreased mRNA levels of several GST genes, decreased protein expression of GCLC and GCLM, and decreased GSH concentrations in Nrf2−/− ovaries. However, in contrast to their reportedly greater sensitivity to the ovarian toxicant vinylcyclohexene diepoxide [38] , Nrf2−/− mice did not have increased sensitivity to ovarian follicle destruction by BaP. In addition, ovarian BaP-related DNA adduct formation was not increased in the ovaries of Nrf2−/− mice compared to Nrf2+/+ littermates. This may reflect the greater importance of downregulation of Ephx1, which is required to generate the reactive diol epoxide metabolite of BaP [24] , than downregulation of GSTs and GSH, which detoxify BaP metabolites [33] . Indeed, ovarian mRNA levels of Ephx1 in Nrf2−/− mice were less than 15% of those in Nrf2+/+ mice, and Ephx1 null mice are resistant to PAH-induced carcinogenesis [68] . The absence of BaP treatment-related increases in the percentages of apoptotic follicles or ovarian surface epithelial cells in mice of either Nrf2 genotype in the present study are consistent with apoptotic cells having already been cleared by 7 days after BaP treatment.
BaP or its metabolites have been reported to stimulate proliferation of cultured breast epithelial cells and breast cancer cells via estrogen receptor dependent mechanisms [21, 22, 69, 70] BaP treatment was shown to induce anchorage independent growth of normal human OSE cells that overexpressed CYP1A1 [71] . In contrast to these in vitro findings, we did not observe increased OSE proliferation after in vivo treatment with BaP measured by PCNA immunostaining 7 days after BaP injection. Rather, we observed decreased percentages of PCNA positive OSE cells after BaP treatment.
We and others have shown that ovarian aging is associated with decreased ovarian antioxidant defense capacity and increased oxidative damage [44] [45] [46] [72] [73] [74] . We have also shown that Nrf2−/− male mice have normal spermatogenesis as young adults, but subsequently demonstrate an age-related decline in spermatogenesis, which is associated with testicular oxidative damage [43] . NRF2 is activated by ROS, and the activation of NRF2-dependent antioxidant signaling is an adaptive response to oxidative stress [67, 75] . Thus NRF2 signaling may have important implications in countering aging in the ovary. In the present study, we observed downregulation of key antioxidants in Nrf2−/− ovaries. We found that Nrf2−/− mice had similar numbers of ovarian follicles at 35 days of age, but fewer follicles at 10-12 months of age compared to Nrf2+/+ littermates. This is consistent with an accelerated agerelated decline in ovarian follicle numbers in the Nrf2−/− mice. The accelerated decline in the total number of healthy follicles in Nrf2−/− mice was driven by a more rapid decline in the numbers of quiescent primordial follicles, which constitute the ovarian reserve. We recently reported an accelerated age-related decline in ovarian follicle numbers in another mouse model genetically deficient in a key antioxidant gene, glutamate cysteine ligase modifier subunit (Gclm), a subunit of the rate limiting enzyme in GSH synthesis [47] . Gclm−/− mice have greatly decreased ovarian GSH concentrations and ratio of reduced to oxidized glutathione and increased ovarian oxidative protein and lipid damage, consistent with ovarian oxidative stress. Our current findings raise the possibility that NRF2 signaling is required for resistance to oxidative stress during aging in the ovary. Together our results from these two mouse models provide strong support for the hypothesis that increased ovarian oxidative stress can cause premature ovarian senescence.
We observed significantly more multiovular follicles in ovaries of Nrf2−/− mice than Nrf2+/+ mice at 35 days of age. Multiovular follicles are thought to arise due to incomplete oocyte cyst breakdown during primordial follicle formation [76] . Previous studies have shown that neonatal treatment with estradiol or with the soy isoflavone and phytoestrogen genistein increases the numbers of multiovular follicles [77] . Fetal exposure to gamma-radiation has been reported to increase multiovular follicle formation in rats [78] . Ionizing radiation is well known to cause oxidative stress [79, 80] , suggesting that oxidative stress may disrupt oocyte cyst breakdown leading to multiovular follicle formation.
In conclusion, our results show that Nrf2−/− and Nrf2+/+ mice have similar numbers of ovarian follicles at 35 days of age. However, by 10-12 months of age, the remaining primordial follicle pool is significantly smaller in Nrf2−/− compared to Nrf2+/+ mice, consistent with accelerated ovarian aging in Nrf2−/− mice. We also showed the ovarian concentrations of GSH and protein levels of the subunits of the rate-limiting enzyme in GSH synthesis are decreased in Nrf2−/− mice. Messenger RNA levels of several GSTs and of Ephx1, which are involved in BaP metabolism, are also decreased in Nrf2−/− ovaries. Unlike their reportedly greater sensitivity to the ovarian toxicity of vinylcyclohexene diepoxide, Nrf2−/− mice do not have increased sensitivity to the ovarian toxicity of BaP. This may be due to lower ovarian expression of Ephx1 in Nrf2−/− mice, which is required to generate the toxic diol epoxide metabolite of BaP, but is involved in detoxification of vinylcyclohexene diepoxide.
